Abstract-Electric field-based frequency tuning of acoustic resonators at the material level provides an enabling technology for building complex tunable filters. Tunable acoustic resonators were fabricated in thin plates (h/λ ~ 0.05) of X-cut lithium niobate (90°, 90°, ψ = 170°). Lithium niobate is known for its large electromechanical coupling (SH: K 2 = 40%) and thus applicability for low-insertion loss and wideband filter applications. We demonstrate the effect of a DC bias to shift the resonant frequency by ~0.4% by directly tuning the resonator material. The mechanism is based on the nonlinearities that exist in the piezoelectric properties of lithium niobate. Devices centered at 332 MHz achieved frequency tuning of 12 kHz/V through application of a DC bias.
I. INTRODUCTION
RF Filters with adaptive properties such as tunable center frequency and variable bandwidth are key enablers for future multi-function, cognitive, and adaptive RF communication systems. However, it has been particularly challenging to develop tunable RF building blocks for mobile applications because of the required performance metrics. At present, tuning techniques are primarily based on changing load impedances [1] with MEMs or using solid-state devices in discrete circuits, many achieving excellent performance. Specifically, tunable RF and microwave filters consist of using ferroelectric thin film varactors [2] , evanescent-mode waveguide filters [3] , MEMS switches [4] , planar tunable filters [5] , ferrimagnetic yttrium-iron-garnet (YIG) resonators [6] , and reconfigurable contour-mode resonators [7] . YIG tunable filters offer multi-octave tuning using external magnetic fields with an unloaded Q around 2000 -5000, however, they require large power consumption (0.75W-3W). Thus, they are not suitable for mobile applications. In contrast, electromagnetic RF filters that are tuned with solid-state tuning technologies such as ferroelectric, semiconductor, or MEMS devices to realize voltage tunable capacitors are well-suited for compact tunable RF filters requiring low power. However, the performance and application of these filters is limited by their large size and low Q (<400 at 1-10 GHz) relative to piezoelectric filters. As a result of these challenges, high-Q tunable piezoelectric filters remain elusive but are highly desirable [8] .
A recent finding demonstrates that the application of a DC voltage bias in piezoelectric layers induces two key effects: 1) induced longitudinal coupling [9] , where only shear modes are normally present, and 2) a dependence of the phase velocity on the applied DC electric field via electrostriction and nonlinear effects in langasite [10] . In other ferroelectric materials such as lead titanate zirconate (PZT), the application of a DC bias has been shown to overcome residual stresses, which enhanced the electromechanical properties of a thin film device [11] . In studies, where the material stoichiometry and hence phase transitions can be studied, connections between the elastic modulus, mechanical loss, and dielectric properties appear to be connected [12] . If the material properties are substantially affected, combined with geometrical changes, or phase transition dependencies by various loading or bias conditions, it may lead to an effective method for tuning RF devices.
LiNbO3 is known to have a resonator Q of 10,000 at 1 GHz with highly reproducible material properties, making it an excellent choice for RF acoustic resonators and filter applications. Our recent work using thin plates of X-cut LiNbO3 has enabled low insertion loss, wideband filters for RF and microwave devices [13] . These acoustic resonators utilize the SH0 in thin plates of LiNbO3 where the propagation is rotated 170° from the y-axis. In this work, we investigate the use of thin plates of X-cut LiNbO3 as tunable filter blocks by application of a DC bias along specific directions of the piezoelectric crystal.
II. THEORY

A. SH0 Mode
In thin plates of lithium niobate (LiNbO3), two modes with very large electromechanical coupling exist, namely Lamb (Xcut, S0, K 2 = 30%) and shear (X-cut, shear, K 2 = 36%, Y-cut, shear, K 2 = 38%) [14] . The electromechanical coupling K 2 is the electrical-to-mechanical conversion efficiency, which is a significant parameter in piezoelectric materials because it determines the bandwidth and insertion loss of a filter. It can be estimated by computing the acoustic velocities for the open and short-circuit electrical boundary conditions. In Fig. 1 , the open and short-circuit phase velocities are shown under stress-free conditions. As expected, the open-circuit velocity does not depend on the plate thickness, whereas the short-circuit condition leads to a large dependence and hence a large K 2 .
B. Nonlinear Piezoelectric Coefficients
In a piezoelectric plate held under a constant electric field, stresses are induced from application of strains in specific directions through the elastic stiffness tensor. In LiNbO3, the third order constants for electrostriction (l(ij)(kl)), stiffness (c(ij)(kl)(mn)), piezoelectricity (ei(jk)(lm)), and dielectric constants (εi(jk)) have been measured [15] . Electrostriction may be described as a quadratic coupling between strain and polarization. These higher-order terms are necessary to describe the nonlinear response, which is currently being investigated.
III. MEASUREMENTS
The microfabrication process was based on the techniques described in our previous work [13] . LiNbO3 resonators were fabricated with two interdigital fingers for acoustic propagation of SH0 modes along the (90°, 90°, ψ = 170°) direction (Fig.  2a) . The on-wafer RF measurements were performed using a N5230A network analyzer (Keysight Technologies) calibrated at the GSG150 probe tips. Two bias tees were used to decouple the RF measurement from the DC bias voltage along with two resistors to limit the current.
The resonators had a wavelength of 8.8 μm, a finger width of 1 μm, a finger gap of 2 μm, an aperture of 64 μm, and a 0.2 μm gap between the finger and the edge of released substrate (Fig. 2c) . The thickness of the Au electrodes was 100 nm. The plate thickness was 1.2 μm, giving a thickness to wavelength ratio (h/λ) of 0.03. In the absence of a DC bias, the resonant frequency was 334.7 MHz, which corresponded to a phase velocity of 2954 m/s. This is lower than the theoretical short circuit conditions due to mass loading from the Au electrodes and variations in the fabricated material parameters.
When the LiNbO3 resonators were biased using a polarity of S1(-V)/S2(+V) there was a negligible shift in the resonant frequency (Fig. 3a) . The applied DC bias was either +100V/-100V or -100V/+100V for a total of 200V across a 2 μm gap. When the polarity was S1(-V)/S2(+V), the insertion loss (IL) increased by 0.2 dB. However, when the DC bias was reversed to S1(+V)/S2(-V), a frequency shift of 1.2 MHz was observed (Fig. 3b) . This corresponded to a shift of 6 kHz/V or about 0.4% of tuning for the maximum field applied. The applied electric field was 2.5 ⋅ [16] , where the maximum applied electric field used in this study was about 50% of this value. This observed tuning effect was asymmetrical around a zero DC bias, that is a polarity of S1(-V)/S2(+V) produced very little frequency shift with a slight increase in IL. In contrast, the IL increased by 0.5 dB at 200 V bias for the S1(+V)/S2(-V) polarity. This effect was not entirely unexpected because the electrostrictive strain is not always quadratic with the electric field, especially in high permittivity materials with nonlinear electric field (E) and polarization vectors (P) [17] . The tuning behavior was in contrast with linear piezoelectricity where reversing the direction of the electric field causes a change in the sign of the strain and hence the frequency shift would be ± Δf. The exact tuning mechanism is not well understood, since electrostriction causes displacement thus it works against the elastic stiffness, where the third order piezoelectricity adds to the elastic stiffness. We will continue to explore the details of the tuning mechanism theoretically and experimentally.
IV. CONCLUSIONS
An applied DC bias in thin plates of X-cut lithium niobate causes an asymmetric frequency tuning effect in acoustic resonators. The frequency tuning dependence was 6 kHz/V with a maximum tuning range of 0.4% in this experiment. This property is of great interest for tunable RF building blocks in mobile systems. Additional lithium niobate cuts may provide more noteworthy results if the polarization can be maximized along a specific bias direction, which could reduce the required DC bias. . 3 . Solid-state tuning behavior via DC bias, a) DC polarity was S1(-V)/S2(+V) with a negligible tuning effect, b) DC polarity was S1(+V)/S2(-V).
